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Inequivalent models of irreversible dimer filling: ‘‘Transition state’’
dependence
Abstract
Irreversible adsorption of diatomics on crystalline surfaces is sometimes modeled as random dimer filling of
adjacent pairs of sites on a lattice. We note that this process can be implemented in two distinct ways: (i)
randomly pick adjacent pairs of sites, jj’, and fill jj’ only if both are empty (horizontal transition state); or (ii)
randomly pick a single site, j, and if j and at least one neighbor are empty, then fill j and a randomly chosen
empty neighbor (vertical transition state). Here it is instructive to consider processes which also include
competitive random monomer filling of single sites. We find that although saturation (partial) coverages differ
little between the models for pure dimer filling, there is a significant difference for comparable monomer and
dimer filling rates. We present exact results for saturation coverage behavior for a linear lattice, and estimates
for a square lattice. Ramifications for simple models of CO oxidation on surfaces are indicated.
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Irreversible dimer filling has long been used as a model 
for immoble adsorption of diatomics onto adjacent pairs of 
adsorption sites. 1-" Of particular interest is the nonequilibri-
um saturation state which contains a distribution of unfilla-
ble isolated empty sites. Dimer filling is also of interest as a 
key component of simple models for CO oxidation.5 (02 
adsorption is modeled as dimer filling, and CO adsorption as 
competitive monomer filling of single sites.) 
However, it is rarely noted that dimer filling can be im-
plemented in one of two natural but inequivalent ways.4 •6•7 
Model (i): randomly pick adjacent pairs of sites, jj', and fill 
.il only if both sites are empty. Note that one can either pick 
the pair of sites simultaneously, or first pick one site, j, and 
(if empty) then randomly choose a neighbor, j' (filling only 
if both are empty). Model (ii): randomly pick single sites, j, 
and if j and at least one neighbor are empty, then fill j and a 
randomly chosen empty neighbor,/ (see Fig. 1). The dis-
tinction between the models derives from the difference 
between randomly choosing/ from among all neighbors or 
from among only empty neighbors. 
It seems appropriate to associate the "standard dimer 
filling" model (i) with adsorption ofdiatomics having hori-
zontal transition states (parallel to the surface). On the oth-
er hand, for vertical transition states, one anticipates that 
once the lower atom is in place over an empty site, the top 
atom will rotate toward an empty neighboring site (should 
one exist), in order to adsorb. This corresponds to the "end-
on dimer filling" model (ii). 
Here we analyze models involving competition between 
irreversible random monomer and dimer filling with at-
tempt rates Ym and Yd, respectively. Thus for short times, t, 
the monomer and dimer partial coverages behave like 
()m -Ym t and ()d -2ydt, respectively. Without loss of gener-
ality, we set Ym +yd= 1. For a linear (or Bethe) lattice, 
exact analysis is possible by virtue of a shielding property of 
single empty sites for model (i), and empty pairs for model 
(ii). 8 Here we present closed form expressions for saturation 
partial coverages as functions of y m or yd. We note that a 
cooperative version of model (i) has been considered pre-
viously, 9 and the most general exactly solvable version of the 
model has also been described. 10 The shielding property ex-
tends to higher dimensions, but does not allow exact solu-
tion. For model (i) on a square lattice, we have previously 
implemented an approximate truncation of the exact hierar-
chical form of the master equations guided by the shielding 
property. 4 The same approach is here applied to model (ii). 
We also compare results from Monte Carlo simulations for 
models ( i) and (ii) on a square lattice. 
For a linear lattice, let Pn denote the probability offind-
ing a string of n empty sites. Rate equations for the P n follow 
from consideration of all possible ways such empty configu-
rations can be destroyed by adsorbing monomers or dimers. 
All contributing terms are readily written in terms of the Pm 
(probability conservation rules are sometimes needed). One 
thus obtains, for model (i), 
d • 
-d pn = - nymPn - (n - l)ydPn - 2ydPn+ I for n> 1. 
t 
(1) 
The first term is associated with monomers filling, and the 
middle (last) terms with dimers filling completely overlap-
ping (partly overlapping the ends of) the empty string. 
Equation ( 1) can be solved by noting that Pn + 1 I Pn = e - ', 
for n:;;. 1. For model (ii), one instead finds that 
d 
-P1 = -ymP1-Yd(4P2-2P3), dt 
d 
-Pn = -nymPn -yd(nPn +2Pn+t -P,.+2) (2) 
dt 
for n:;;.2, 
which can be solved noting that P,.+ 1 /Pn = e- 1, for n:;;.2. 
Partial coverages for monomers, () m, and dimers, () d, are 
most easily obtained from integrating the equation 
d /dt Om = YmP1 and using Om + ()d + P1 = 1. Analysis of 
these equations to determine the saturation partial coverage 
of dimers, () ':t, yields 
O':f1 = 2yd i 1 dx xm/Yd(x-1) for model (i), 
()d81 =2-2e/2 f dxe-y,;x'12 for model (ii). 
Of course 0:1 + ()dat = l, and() dat for model (ii) can be triv-
ially reexpressed in terms of the error function, Erf. 
For pure dimer filling (yd= 1), one obtains 
standard n r n n .. i model (i) • 
~-'--'---'---'---'---'--JL--1--.L-.-.l--'--'-~ 
end-on 
model (ii) 
FIG. l. Comparative schematic of competitive monomer and dimer filling 
using the standard model (i) (top) and the end-on model (ii) (bottom). 
The numbers on the bottom figure indicate the probabilities for various ro-
tations. The standard model is recovered replacing 1 *by 1/2. 
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TABLE I. Saturation dimer coverages for competitive random monomer 
and dimer filling on a linear lattice. Exact results for the standard and end-
on models (i) and (ii), respectively, are compared. 
0:1 1:3 1:2 l: l 2:1 3:1 
Standard 0.864 66 0.668 77 0.601 27 0.461 92 0.315 86 0.240 02 
End-on 0.876 68 0.723 07 0.664 33 0.533 42 0.381 85 0.297 11 
8';1 = l - e- 2 :::::,0.864 66 for model (i) recovering Flory's 
famous result, 11 and 
o~at = 2 - (21Te) 112[Erf(2112 ) - Erf(2- 1' 2 ) J 
;::::::0.876 68 for model (ii). 
This slight difference between the saturation dimer cover-
ages for the two models is increased significantly if one intro-
duces competitive random monomer filling with a compara-
ble filling rate (see Table I). Clearly this is a consequence of 
the feature that the standard dimer filling mechanism of 
model (i) is less efficient (i.e., slower) than the end-on 
dimer filling ~echanism of model (ii) . 
For a square lattice, sophisticated approximate trunca-
tion of the exact hierarchical rate equations (Ref. 4) pro-
duces the results shown in Table Il(A). Comparison with 
corresponding Monte Carlo simulation results [Table 
II ( B) ] demonstrates the remarkable accuracy of the trunca-
tion procedure. One sees the same trends as for the linear 
lattice except that here, end-on dimer filling is even more 
efficient relative to the standard model, especially for com-
parable monomer and dimer filling rates. 
In summary, we have shown that the statistical charac-
teristics of processes involving dimer filling can be quite sen-
sitive to the details of the filling model implemented (which 
in turn reflects dynamical "transition state" aspects of the 
process). The existence of inequivalent dimer filling models 
has not been generally appreciated previously, e.g., Ref. 2 
apparently uses model (ii), but attempts to compare with 
previous model ( i) simulations. There are obvious ramifica-
tions for the recent simple models of CO-oxidation reac-
TABLE II. Saturation dimer coverages for competitive random monomer 
and dimer filling on a square lattice. (A) Third-order severe truncation 
(Ref. 4, Sec. III) results. (B) Monte-Carlo simulation results with uncer-
tainty ± 0.000 10. 
Ym:Yd 0:1 1:3 1:2 1: I 2:1 3:1 
(A) 
Standard 0.906 34 0.66846 0.596 52 0.45465 0.310 68 0.236 56 
End-on 0.921 04 0.767 28 0.708 86 0.578 18 0.423 68 0.334 70 
(B) 
Standard 0.906 87 0.668 51 0.596 39 0.454 35 0.310 58 0.23666 
End-on 0.918 82 0.767 01 0.708 89 0.579 95 0.425 52 0.336 23 
tions, where the standard dimer filling model has been ap-
plied.5 Using insteaa the end-on filling model will signifi-
cantly change (increase) they m values for various poisoning 
transitions. 12 
Ames Laboratory is operated for the U.S. Department 
of Energy by Iowa State University under Contract No. W-
7405-Eng-82. J.W.E. was supported for this work by the Di-
vision of Chemical Sciences, Office of Basic Energy Sciences. 
1J. K. Roberts, Proc. R. Soc. London Ser. A 152, 473 ( 1935); 161, 141 
(1937); D.R. Rossington and R. Borst,J. Chem. Phys. 3, 202 (1965); W. 
D. Dong, ibid. 42, 609 (1974). 
2E. Hayden and D. F. Klemperer, Surf. Sci. 80, 401 ( 1979). 
3K. J. Vette, T. W. Orent, D. K. Hoffman, and R. S. Hansen, J. Chem. 
Phys. 60, 4854 ( 1974); R. S. Nord andJ. W. Evans, ibid. 82, 2795 ( 1985). 
4J. W. EvansandR. S. Nord, Phys. Rev. B31, 1759 (1985). 
5R. M. Ziff, E. Gulari, and Y. Barshad, Phys. Rev. Lett. 56, 2553 (1986); 
M. Dumont, M. Poriaux, and R. Dagonnier, Surf. Sci. 169, L307 ( 1986). 
6 R. S. Nord (submitted). 
7E. S. Page, J. R. Stat. Soc. B 21, 364 (1959). 
8J. W. Evans, D.R. Burgess, and D. K. Hoffman, J. Chem. Phys. 79, 5011 
(1983); N. 0. Wolf, J. W. Evans, and D. K. Hoffman, J. Math. Phys. 25, 
2519 (1984). 
9J. W. Evans, D. K. Hoffman, and D. R. Burgess, J. Chem. Phys. 80, 936 
(1984). 
10J. W. Evans, J. Phys. A 23, 2227 (1990). 
11 P. J. Flory, J. Am. Chem. Soc. 61, 1518 (1939). 
12J. W. Evans and M. S. Miesch (in preparation). In the model of Ziff et al., 
(Ref. 5) y,; values for 0- (CO-) poisoning transitions increase from 0.389 
to 0.635 (0.525 to 0.655) when one changes from standard to end-on 
dimer filling. 
J. Chem. Phys., Vol. 93, No. 11, 1 December 1990 
